Seabuckthorn (Hippophae rhamnoides L.) is a dioecious plant with berries containing high amounts of several bioactive compounds with nutritional and medicinal traits. It is also planted to control soil erosion. A genetic transformation procedure will facilitate studies of the control of plant development and interactions with symbionts and pathogens, and will provide a tool for plant breeding. Here, we present a particle bombardment method for transforming seabuckthorn. The early stages of induced adventitious shoots from roots were chosen as a novel target tissue for the transformation procedure. The root system was bombarded with gold particles coated with plasmid pRT99gus containing genes for plant kanamycin resistance and for β-glucuronidase expression, and shoots were regenerated under kanamycin selection. PCR analysis of the regenerated transformed lines confirmed the presence of a 603 bp gus (uidA) gene fragment and a 1.5 kb fragment from the 35S promoter in three shoots from independent transformation events.
Introduction
Seabuckthorn (Hippophae rhamnoides L.) and its relatives in the family Eleaegnaceae are shrubs and small trees having berries containing compounds with high nutritional and medicinal value [1] [2] . These plants are also able to form symbiotic N 2 -fixing root nodules and explore infertile soils. The main geographical distribution of seabuckthorn is in the temperate regions of Asia but is also found in Europe mainly in river and seashore habitats. Seabuckthorn has since long been used in China, Russia and India for nutritional and medicinal purposes. In recent decades, there is an increasing interest to use the berries for pharmaceutical, cosmetic and nutritional applications. Owing to the clonal growth habit with sucker-forming root systems seabuckthorn is also successfully applied to control soil erosion [1] .
Expected increased cultivation of seabuckthorn is enhancing demands for genetic improvement [2] . Breeding goals will be those requested by growers, breeders and consumers to meet problems with pathogens, quality, yield and cultivation. Targeted gene studies will be needed to understand several aspects of seabuckthorn growth and development e.g. fruit and root development and interactions with symbiotic N 2 -fixing root nodule-inducing Frankia, as well as interactions with pathogenic organisms such as Fusarium sporotrichioides causing dried-shrink disease [3] . Transgenic approaches will be powerful tools in these areas.
To date there is no published study of stably transformed plants of Hippophae spp or other genera within Elaeagnaceae. Recently, root transformation of seabuckthorn by the use of the wild-type strain Agrobacterium rhizogenes 15834 resulting in transformed hairy root systems in chimeric plants was presented [4] . Among actinorhizal plants, i.e. plants having a N 2 -fixing root nodule symbiosis with the actinomycete bacterium Frankia, Agrobacterium tumefaciens-mediated transformation has been successful for Casuarina glauca and Allocasuarina verticillata [5] [6] .
Regeneration is an essential step during a transformation procedure. Previously, we have established an efficient regeneration protocol for Hippophae rhamnoides [7] . Particle bombardment has been shown to be effective in woody plants including Picea abies, where lignin content has been reduced by transforming with an antisense construct for an enzyme of lignin synthesis [8] [9] , Pinus roxburghii [10] and Curcuma longa [11] . In the present study we report, for the first time, a method to transform Hippophae rhamnoides by particle bombardment of shoots regenerating from roots after hormonal induction, enabling production of transgenic shoots.
Materials and Methods

Plant Material
Seeds of Hippophae rhamnoides L. ssp. rhamnoides cultivar Gold Rain (Prozrachnaya) [12] were obtained from a field in Sweden cultivated with the male H. rhamnoides L. ssp. rhamnoides cultivar Lord [12] as the only male within long distance. Seedlings were established in vitro as described by Sriskandarajah and Lundquist [7] . Two to three week old seedlings grown on woody plant medium (WPM) salts [13] were transferred to Petri dishes containing WPM salts, 4.4 µM 6-benzyladenine (BA), 0.29 µM gibberellic acid (GA3), 57 µM indole-3-acetic acid (IAA) and 30 g·l −1 sucrose (W4 medium). Two to three seedlings were grown in each Petri dish, and the culture conditions were same as described earlier [7] . After two weeks of culturing, at the stage when meristematic activity was visible along the root system, the seedlings were subjected to particle bombardment treatments.
Determination of Kanamycin Dosage for Selection Criteria
Seedlings grown for 3 weeks in WPM medium were transferred to W4 medium containing 0, 25, 50, 75 or 100 mg·l −1 kanamycin (Sigma). The seedlings were allowed to grow for 6 weeks, and the effect of kanamycin dosage on regeneration was determined.
Transformation by Particle Bombardment
Plasmid for Transformation
Plasmid pRT99gus [see 14 for map] was used for transformation by particle bombardment. The plasmid is a pUC18 derivative, total size 6170 bp, containing an NPT II gene coding for kanamycin resistance and a uidA (i.e. GUS) gene coding for β-glucuronidase enzyme activity, each flanked by the promoter and terminator sequences of the cauliflower mosaic virus 35S RNA. The host bacterium HB101 was grown overnight in Terrific Broth [15] containing 50 mg·l −1 ampicillin and the plasmid was purified by a modified polyethylene glycol method [16] .
Coating of Gold Particles
Particles for bombardment were coated essentially after Clapham et al. [9] and Sivamani et al. [17] . To a suspension of 10 mg gold particles (1.5 -3.0 µm diameter, Aldrich) in 100 µl water, was added sequentially 20 µl of plasmid DNA (1 mg·ml
) and 100 µl of freshly prepared protamine solution (1 mg·ml −1 ). While gently vortexing the above mixture 100 µl of 2.5 M CaCl 2 was slowly added. The final mixture was incubated for 10 minutes and then pelleted at 10,000 g for one minute. The supernatant was discarded and the pellet was suspended in a final volume of 1.1 ml ice cold 100% ethanol.
Preparation of Plant Material for Bombardment with the Particle Inflow Gun
Seedlings grown as described above and having well developed root system were immersed in liquid WPM medium containing 0.25 M myo-inositol for 1.5 hours to induce plasmolysis. The seedlings were quickly blotted using sterile filter papers and a single seedling was placed at each bombardment occasion on a Petri dish of 5 cm diameter with the root system confined to the Petri dish. A piece of sterile wire mesh was placed on top of the root system to restrict movement during shooting. Then the Petri dish with seedling was placed on the platform below the particle inflow gun, described in [8] . This is an inexpensive, easily constructed gun, into which the DNA-coated gold particles are loaded directly as a suspension. Subsequently the particles are blown into the tissue under partial vacuum with a puff of helium gas. The particle inflow gun differs from commercial guns where the particles are dried on plastic squares, and the squares are inserted into the machine.
Bombardment
About 25 µl of the suspension of coated gold particles was dispensed onto the centre of the metal sieve plate in a 'Swinney'-type filter holder (Millipore, Eschborn, Germany) and mounted to the gun above the vacuum chamber. Pressure was reduced to 7.5 cm mercury and conditions for bombardment were as described [8] . Ten seedlings were bombarded in each of the two trials conducted. Each seedling was bombarded three times, with different positioning of the Petri dish. For control seedlings, bombardment was omitted. Control and bombarded seedlings were placed in W4 medium containing 0.25 M myo-inositol in Petri dishes (9 cm) and cultured under light and temperature conditions as described above. After seven days the seedlings were transferred to fresh W4 medium with 0.125 M myo-inositol and 100 mg·l −1 kanamycin. The seedlings were then subcultured monthly on fresh W4 medium without myo-inositol but with kanamycin.
Purification of Plant DNA
DNA was isolated from small leaves of shoots developing from bombarded roots by a combined protocol derived from two methods [18] [19] . About 100 mg of leaf samples from small individual shoots growing on the root systems on selection medium were put in eppendorf tubes, quickly frozen in liquid nitrogen and kept in a −80˚C freezer. Steel balls, 2.5 mm diameter, baked at 160˚C -180˚C for 2 -3 hours, and cooled down to −80˚C were added to the eppendorf tubes which contained leaf tissue (one ball per tube) before inserting the tubes in the cold (−80˚C) Tissuelyser II (Qiagen, Hilden, Germany) blocks. The tissues were ground for 30 seconds at speed 20. Grinding was repeated once more after changing the sides of the tubes. Final extraction buffer was prepared beforehand [19] , and 1.2 ml of this buffer was added to each sample at room temperature. After adding 2 µl RNaseA (10 mg/ml, Fermentas) to each sample, the tubes were kept at 37˚C for 15 min and then incubated at 42˚C for 10 min and at 65˚C for 30 min. The contents were transferred to fresh 2 ml eppendorf tubes and 1 ml of CHISAM (chloroform/isoamylalcohol 24:1) added to each tube and mixed. Chloroform extraction was repeated twice, and the upper aqueous phase was transferred to 1.5 ml "LoBind" eppendorf tubes. Finally, DNA was precipitated and purified according to the method described by [18] . The A 260 /A 280 ratio of the purified DNA was 1.8 -2.1.
Polymerase Chain Reaction (PCR)
To amplify a fragment of 603 bp from the GUS gene, the forward primer was gus1 (5'-TTTGCAAGTGG-TGAATCCGCACCT) and the reverse primer was gus2 (5'-AGTTTAGGCGTTGCTTCCGCCAGT). To amplify a fragment of about 1.5 kb from the 3'-end of the 35S promoter into the GUS gene, the forward primer was 5'-CCACTATCCTTCGCAAGACCCTTC and the reverse primer was gus2. The reaction mixture for PCR contained 2 µl of 10x PCR buffer, 1 U TrueStart™ Hot Start Taq DNA Polymerase (Fermentas), 2 pmol of each primer, 2 mM dNTPs and 100 ng DNA in a final volume of 20 µl. After an initial 3 minutes denaturation at 94˚C, thirty to thirty-five cycles of 94˚C (30 s) 55˚C (30 s) and 72˚C (60 s), followed by a final 3 min period of elongation at 72˚C were employed for amplification. PCR products were run out on 1.5% agarose electrophoresis gels to check for size of PCR products. MassRuler DNA Ladder Mix (Thermo Fisher Scientific Inc., Sweden) was used as DNA size markers, range 80 to 10,000 bp.
Results
Kanamycin concentrations greater than 50 mg·l −1 affected adventitious shoot regeneration from the roots, which was completely inhibited at 100 mg·l −1 . Therefore, kanamycin at 100 mg·l −1 was used in selection media for all transformation experiments.
Swelling and cracking at the base of the lateral root initials began after about 2 weeks in W4 medium. The bombarded seedlings began producing shoots after 6 -7 weeks while the control seedlings produced shoots after 3 -4 weeks (Figure 1) . A total of four shoots grew from the root systems of 10 seedlings in the first bombardment trial; six shoots grew from the root systems of 10 seedlings in the second bombardment trial.
PCR analysis confirmed the presence of the 603 bp gus gene fragment (Figure 2 ) and the presence of the 1.5 kb fragment from the 35S promoter to the position of the gus2 primer in the gus gene (Figure 3 ) in three shoots from independent transformation events. The bands were not amplified from DNA extracted from unbombarded controls (Figures 2, 3) . The band size was confirmed by PCR amplification from the plasmid pRT99gus (Figures 2, 3) . The identity of the gus gene fragment amplified by one of the transformants was further confirmed by DNA sequencing (data not shown).
Discussion
A useful transformation procedure normally requires the regeneration of plantlets from transformed totipotent cells that are selected in vitro. In many reports, Seabuckthorn has been mentioned as being difficult to cultivate in tissue culture, e.g. [20] . Recently, however, we have developed rapid and efficient methods for production of adventitious shoots from the roots of both juvenile and adult plants of seabuckthorn [7] . By using various media, pre-treatments and different plant growth regulator combinations including the two synthetic cytokinins TDZ and CPPU, it was possible to discover interesting regeneration pathways for this plant. One of which was the induction of shoots from roots of young seedlings within a short period. In the present study, the initial induction stages of these adventitious shoots arising from root systems were chosen to be the target for transformation. We present a first method to transform Hippophae rhamnoides by particle bombardment using the shoot regeneration system that we established. Transformed shoots were selected on kanamycin medium. Experiments in which similarly treated root material were co-cultivated with one of two strains either of Agrobacterium tumefaciens (A281and EHA105) or A. rhizogenes (A4 and 15834) gave no positive results, so we changed to particle bombardment.
Transient expression of the gus gene in roots or shoots after bombardment was weak (data not shown), probably because of the high content of phenolics in the Hippophae tissue; phenolics in woody tissue often inhibit the activity of the β-glucuronidase enzyme [21] . To confirm that the shoots selected on antibiotic media were transformed, we isolated DNA from the leaf tissue of shoots and amplified fragments of the plasmid DNA by PCR. Hippophae shoots are rich in phenolics, and phenolics often interfere with DNA extraction. However, a combination method that we used for extracting DNA yielded high quality DNA.
Products of the expected size of 603 bp were obtained by amplifying a part of the gus gene using the primers gus1 and gus2, and products of the expected size of 1.5 kb were obtained by amplifying the fragment extending from the 35S promoter to the position of primer gus2. The amplification result with the 35S promoter primer thus confirmed the gus primer amplification and supported that the construct was introduced by the bombardment. Also, the results showed that the gus gene fragment was not amplified from any endophytic bacteria carrying the gene since the bacterial gene would not be controlled by the viral 35S promoter. An advantage that particle bombardment has over agrobacterial methods for transformation is that there is no co-cultivation step with bacteria that can leave residual DNA that can interfere with the PCR analysis.
In the present study, protamine-mediated DNA coating was used and may have helped in transformation. It has been shown that the protamine method [17] for coating the gold particles enhanced transient gus expression for rice and maize. The present study is a first study on transformation of Hippophae and future improvements should be able to increase transformation frequency and regeneration and provide valuable tools for the study of Hippophae plant development.
